Hox proteins are homeodomain-containing transcription factors (TFs) that play a vital role in establishing body plan during development. In addition to this role in body planning, Hox proteins have been implicated in limb regeneration, wound healing, adipogenesis, and hematopoietic stem cell self-renewal. 1 Hoxa9, in particular, is expressed at high levels in early hematopoietic progenitor cells and promotes stem cell expansion. In contrast, Hoxa9 down-regulation is associated with hematopoietic differentiation. 2, 3 In keeping with this role, Hoxa9 knock-out mice show defects in B and T-cell lymphopoiesis and myelopoiesis. 4 HOXA9 has been intensively studied because of its central role in human acute leukemias. [5] [6] [7] [8] Early studies of BXH2 mice, which spontaneously develop acute myeloid leukemia (AML) as a result of endogenous retroviral integration, showed that overexpression of Hoxa9, as a result of integrations at the locus, is one of the most common genetic abnormalities in these leukemias. 9,10 Subsequent gene expression profiling studies showed that HOXA9 is expressed in many AMLs. Of 6817 genes tested, HOXA9 was the single most predictive marker for poor prognosis. 11 Certain subtypes of acute leukemias, particularly those with rearrangements of the mixed lineage leukemia (MLL) gene, show especially high expression of A cluster HOX genes, 5, 6, 8 which is critical for MLL fusion protein-mediated transformation. 12,13 However, deregulation of Hox expression also appears to play a central role in leukemias without MLL rearrangements, including AMLs associated with the CALM-AF10 translocation, fusions of HOXA9 to the nucleoporin gene NUP98 in a subset of leukemias with the t(7;11), 14,15 overexpression of CDX2 or CDX4 [16] [17] [18] and identified T-cell acute lymphoblastic leukemia cases with translocations between the TCR␤ and the HOXA9/HOXA10 locus. 19
Introduction
Hox proteins are homeodomain-containing transcription factors (TFs) that play a vital role in establishing body plan during development. In addition to this role in body planning, Hox proteins have been implicated in limb regeneration, wound healing, adipogenesis, and hematopoietic stem cell self-renewal. 1 Hoxa9, in particular, is expressed at high levels in early hematopoietic progenitor cells and promotes stem cell expansion. In contrast, Hoxa9 down-regulation is associated with hematopoietic differentiation. 2, 3 In keeping with this role, Hoxa9 knock-out mice show defects in B and T-cell lymphopoiesis and myelopoiesis. 4 HOXA9 has been intensively studied because of its central role in human acute leukemias. [5] [6] [7] [8] Early studies of BXH2 mice, which spontaneously develop acute myeloid leukemia (AML) as a result of endogenous retroviral integration, showed that overexpression of Hoxa9, as a result of integrations at the locus, is one of the most common genetic abnormalities in these leukemias. 9, 10 Subsequent gene expression profiling studies showed that HOXA9 is expressed in many AMLs. Of 6817 genes tested, HOXA9 was the single most predictive marker for poor prognosis. 11 Certain subtypes of acute leukemias, particularly those with rearrangements of the mixed lineage leukemia (MLL) gene, show especially high expression of A cluster HOX genes, 5, 6, 8 which is critical for MLL fusion protein-mediated transformation. 12, 13 However, deregulation of Hox expression also appears to play a central role in leukemias without MLL rearrangements, including AMLs associated with the CALM-AF10 translocation, fusions of HOXA9 to the nucleoporin gene NUP98 in a subset of leukemias with the t(7;11), 14, 15 overexpression of CDX2 or CDX4 [16] [17] [18] and identified T-cell acute lymphoblastic leukemia cases with translocations between the TCR␤ and the HOXA9/HOXA10 locus. 19 Although Hoxa9 itself is weakly oncogenic, Ͼ 90% of leukemias arising in BXH2 mice with Hoxa9 overexpression have a second integration site at the myeloid ecotropic viral integration site Meis1, which encodes a member of the 3-amino acid loop extension family of homeobox-containing proteins, resulting in high-level Meis1 expression. 9, 10 Hoxa9 and Meis1 synergize to produce aggressive leukemia in mice that received a transplant. 20 In human leukemias that express high levels of HOXA9, either with or without MLL rearrangement, MEIS1 is consistently overexpressed. 5, 6, 8 The mechanisms through which Hoxa9 and Meis1 function are poorly understood. To date, only a very limited number of Hoxa9 and Meis1 targets have been identified. With this paucity of binding data, it has been difficult to define the mechanisms underlying Hox protein target specificity in vivo. In vitro binding studies have shown that the 60-aa homeodomain, which is common to all Hox proteins, binds to a short TAAT or related AT-rich sequences. 21 Undoubtedly, sequences surrounding this short recognition sequence contribute to the specificity of individual Hox proteins. The cofactors Meis1 and Pbx proteins increase the affinity of Hoxa9 protein binding in vitro, 22 but the extent to which this contributes to specificity in vivo is not known. Therefore, it seems probable that other TFs act in concert with Hox proteins; however, only a few such "collaborators" have been identified. 21 Finally, it appears that Hox proteins can have either activating or repressing effects on their targets. 23 Presumably, this is governed by the collaborating proteins that either physically interact with the Hox or Meis1 proteins or bind to adjacent cis-acting sequences, but these mechanisms are poorly understood.
In this study, we used ChIP-Seq and ChIP-chip to identify the in vivo binding sites and associated epigenetic signatures for Hoxa9 and Meis1, along with microarray expression profiling to define their target genes. We then explored what TFs interact with Hoxa9 and Meis1 and whether association of these TFs is modulated by Hoxa9. Collectively, our results suggest that Hoxa9 associates with enhanceosomes (Mann et al 21 have termed "Hoxasomes") through interactions with DNA sequences in cis, Hox cofactors, and lineage-restricted TFs that play crucial roles in hematopoiesis and leukemia.
Methods

Cell line generation
BM cells were harvested from 5-fluorouracil-treated female 6-to 8-weekold C57BL/6 mice and transformed into myeloblastic cell lines with a murine stem cell virus -based retrovirus expressing HA-tagged or untagged Hoxa9 or Meis1 (HM2 cells). All animal experiments were approved by the University of Michigan Committee on Use and Care of Animals. For conditional activation of Hoxa9, cells were transformed with Hoxa9 fused to a modified estrogen receptor ligand-binding domain (Hoxa9-ER). Cells were cultured in IMDM with 15% FBS (StemCell Technologies) and penicillin/streptomycin. IL-3 (R&D Systems) was added to media; alternatively, cells were transduced with an IL-3-expressing retroviral vector (pMFGmIL3, obtained from RIKEN DNA Bank with consent of Dr Hirofumi Hamada); Hoxa9-ER cells were also supplemented with 4-hydroxytamoxifen (4-OHT; Sigma-Aldrich). Hoxa9 is required for continued mouse hematopoietic progenitor (MHP) survival, so positive selection of transduced clones was not necessary; double Hoxa9/Meis1 transductants were selected by FACS (bicistronic Meis1ϩGFP expression using MigR1 vector; a gift from Dr Warren S. Pear, University of Pennsylvania).
ChIP-sequencing and ChIP-chip
A total of 150 million cells were cross-linked sequentially with disuccinimidylglutarate (45 minutes at room temperature) and 1% formaldehyde (15 minutes at room temperature). Hoxa9 and Meis1 immunoprecipitation was performed with anti-HA Ab (Abcam) preconjugated to Protein G magnetic beads (Dynal/Invitrogen). For C/ebp␣, rabbit anti-C/ebp␣ (Santa Cruz Biotechnology) was compared with preimmune rabbit IgG. Four-hour incubation (4°C with gentle rotation) was followed by washes with Low Salt, High Salt, LiCl, and Tris-EDTA buffers (Upstate/Millipore). Immunoprecipitates were eluted with 0.1% SDS/0.1M NaHCO 3 , and cross-links were reversed overnight at 65°in 0.2M NaCl. DNA was RNAse-treated and column purified (Qiaquick; QIAGEN). For ChIP-Seq, size selection and sequencing were performed as described previously. 24 For ChIP-chip, enriched Hoxa9 and Meis1 regions and 60 randomly selected nonbinding regions were retiled onto Nimblegen 385K/2.1M custom arrays (Mus musculus, February 8, 2006 ) with 50-mer probes (average spacing of 35 bp). Each region was extended to 4 kb in both directions. In addition, a set of 360 transcription start sites (2 kb upstream and 1 kb downstream) closest to enriched regions was tiled. DNA was amplified before dual hybridization (Nimblegen Systems) of input and immunoprecipitated (see supplemental Data for analysis details, available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Plasmids, electroporations, and luciferase reporter assays
Twenty-two Hoxa9/Meis1 binding sites were selected according to their proximity to the nearest transcription start site (TSS) as well as 2 control regions randomly selected in the genome where there is no Hoxa9/Meis1 enrichment. Each ϳ 1000-bp binding region was amplified from mouse genomic DNA with the use of Advantage HD Polymerase (Clontech), and after restriction enzyme digest the fragments were cloned into the multiple cloning site of the pTAL-Luc vector (Clontech) with the use of In-Fusion Cloning PCR System (Clontech). For luciferase assays, 2 g of pTAL-luc construct and 500 ng of renilla vector were used per electroporation in K562 cells suspended in Gene Pulser Electroporation Buffer (Bio-Rad). Electroporations were performed in 96-well plates with the use of the Gene PulserMXcell Electroporation System (Bio-Rad). After 48 hours on electroporation, luciferase activity was measured with Dual Luciferase Reporter Assay (Promega), normalizing firefly luciferase signal to the Renilla luciferase signal.
ChIP quantitative PCR
ChIP was quantified relative to inputs with the use of Taqman probes (7500 PCR System; Applied Biosystems). Taqman primers were designed with Primer Express Software 3.0 (Applied Biosystems). Probe sequences are available on request.
Quantitative RT-PCR
Primers were designed with DNASTAR. Sequences are available on request. Relative quantification of real-time PCR product was performed with the comparative DDCt method with SYBR green fluorescent labeling (7500 PCR System; Applied Biosystems). At least 2 biologic replicates were performed for each analysis and yielded similar results.
Gene expression profiling analysis
Hoxa9-ER cells were washed 3 times and resuspended in IL-3 ϩ media with/without 100nM 4-OHT (Sigma-Aldrich). At selected intervals, cells were removed for flow cytometric analysis with the use of anti-Gr1 and anti-Mac1 Abs (BD Biosciences). Structure was assessed by cytocentrifugation, followed by staining (Diff-Quick reagents; Intl Med Equip), and RNA extraction (Trizol reagent; Invitrogen), following the manufacturer's instructions. cRNA was synthesized and hybridized to Affymetrix Mouse 430 2.0 arrays.
Identification and verification of interacting proteins
Proteins were extracted from 1 ϫ 10 9 HA-Hoxa9/Flag-Meis1-transformed BM cells (HM2 cells; M-PER; Pierce Biotechnology). The nuclear pellet was solubilized in 250 U/mL benzonase nuclease (EMD Biosciences). After preclearing with IgG, immunoprecipitation was performed with anti-HA Affinity Matrix (Roche Applied Science) or anti-FLAG M2 Affinity Gel (Sigma-Aldrich). Bound proteins were washed with M-PERϩ300mM NaCl, eluted in SDS-PAGE loading buffer, and resolved on PAGE gels followed by mass spectroscopy (MS). Details of MS and statistical analysis to identify interacting proteins are provided in supplemental Data. Western blot analysis was performed with rabbit polyclonal anti-Hoxa9 (Millipore), anti-Meis1 (Abcam), and anti-C/ebp␣ (Cell Signaling Technology). Nuclease-treated extracts were precleared with rabbit IgG-conjugated agarose beads (Santa Cruz Biotechnology), and target proteins were immunoprecipitated with either anti-HA Affinity Matrix (Roche Applied Science) or anti-FLAG M2 Affinity Gel (Sigma-Aldrich). Bound proteins were washed with M-PERϩ300mM NaCl and eluted in SDS-PAGE sample loading buffer. Western blot detection was performed with rabbit polyclonal anti-HoxA9 (Millipore), anti-MEIS1 (Abcam), anti-Stat5 (C-17; Santa Cruz Biotechnology), anti-C/EBP␣ (Cell Signaling Technology), and rabbit monoclonal anti-CREB (48H2; Cell Signaling Technology).
Data availability
The ChIP-Sequencing, gene expression, and ChIP-chip data are deposited in the National Center for Biotechnology Information Gene Expression Omnibus 25 (GSE33518). Visualization tracks (UCSC) for all data, including motif enrichment analysis results, are available at http://www. pathology.med.umich.edu/faculty/Hess/index.html.
Results
Genome-wide identification of Hoxa9 and Meis1 binding sites
Illumina-based sequencing of ChIP-Seq products was performed to identify binding sites for Hoxa9 and Meis1 on a genome-wide basis. Because commercially available Abs to Hoxa9 and Meis1 did not provide satisfactory ChIP results, we transformed MHPs with HA-Hoxa9ϩMeis1 or Hoxa9ϩHA-Meis1 or with untagged Hoxa9ϩMeis1. The former 2 biologically identical leukemia cell lines allow HA tag-based precipitation and identification of Hoxa9 or Meis1 binding sites, whereas the untagged cell line serves as a control for false-positive binding by the anti-HA Ab. Western blotting experiments showed these cells expressed levels of Hoxa9 and Meis1 that were generally comparable to MLL-AF9 transformed cells (supplemental Figure 1) . More than 1.7 Gb of sequence data was obtained on ChIPped chromatin. Enriched regions were required to be identified in both replicates but not in the control ChIP-Seq, consistent with the Ͼ 90% overlapping targets standard recommended by the ENCODE consortium. 26 A total of 399 Hoxa9 and 624 Meis1 binding regions were identified with the peak-calling algorithm FindPeaks 24 at an estimated false discovery rate (FDR) of 0.01 ( Figure 1A ; supplemental Table 1) . Consistent with the known physical association of Hoxa9 and Meis1, 22, 27 Ͼ 50% of the Hoxa9 binding regions overlapped regions bound by Meis1 ( Figures 1A and 2 ). After merging the 2 sets of peaks, 825 genomic regions (H/M peaks) were identified as being bound by either Hoxa9 or Meis1 or both (supplemental Table 1 ).
As one test of the binding specificity, the H/M binding sequences were analyzed for enrichment of the experimentally determined Hoxa9/Meis1 consensus motif ATGATTTATGGC (Hoxa9-Meis1-Pbx1) 22 and Meis1 consensus TGTC motif. 28 Strikingly, 98.5% of the H/M binding sites contain the Hoxa9-Meis1-Pbx1 motif compared with a random sequence background (P Ͻ .01). Similarly, the Meis1 motif was found to be significantly enriched in 97.8% of H/M binding sites (P Ͻ .01). As another test, a total of 7 enriched regions (Cd34, Runx1, Flt3, Lmo2, Foxp1, Sox4, Dnajc10) and 4 nonbinding regions were tested with conventional ChIP with HA Abs to detect epitope-tagged Hoxa9 and FLAG-tagged Meis1 and followed by quantitative PCR detection. These experiments showed significant binding of Hoxa9 or Meis1 or both only at enriched regions identified by ChIP-Seq (a subset of the results from these experiments is shown in Figure 2B ). Finally, ChIP-chip experiments with anti-HA Abs to detect Hoxa9, which is discussed further below (Hoxa9 is organized into enhanceosomes containing lineage-restricted TFs), confirmed that the overall Hoxa9 binding intensity values at the 825 tiled regions are much higher than that of the control regions and peak in the center of the binding sites ( Figure 5C ). 29 H/M peaks were then annotated with information on promoters and TSSs. 30 Surprisingly, only 5.1% (n ϭ 41) of the identified binding sites are located within promoter regions (Ϫ2/ϩ1 kb relative to TSSs). Instead, most H/M binding regions are located in intronic (44.8%) and distal intergenic (47.9%) regions ( Figure 1B ). Although these regions, on average, are Ͼ 10 kb from the nearest TSS, this is significantly closer to TSSs than the 229 peaks seen in ChIP of no epitope tag controls ( Figure 1C ).
Hoxa9 and Meis1 specifically associate with enhancers
Increasing evidence shows that highly conserved noncoding elements (HCNEs), which are often located far from TSSs, play important roles in transcriptional regulation. 31 With the use of 17-vertebrate PhastCons evolutionary conservation scores, 32 Ͼ 98% of H/M peaks showed Ͼ 50% overlap with highly conserved noncoding elements (P ϭ 5.1 ϫ10 Ϫ8 compared with sequences one peak-width adjacent to enriched regions). Conservation decreased precipitously to a baseline outside of the H/M peak boundaries (supplemental Figure 2) . This highly circumscribed evolutionary conservation of H/M sequences, which are highly enriched for the Hoxa9-Meis1-Pbx1 consensus motif, suggests these sites probably play a role in transcriptional regulation. These sites were further evaluated for their regulatory potential (RP), which is determined from a comparative genetics study of 7 mammalian species and has been shown to identify regulatory elements with Ͼ 94% accuracy. 33 The RP scores associated with H/M binding regions show a remarkable coincidence with the sequence tags measured by ChIP-Seq ( ϭ 0.81, P Ͻ .0001), with average RP score Ͼ 0.065 (score values Ͼ 0 are indicative of regulatory elements), which drops sharply when extended beyond the boundaries of conserved H/M binding regions ( Figure 3A) .
Enhancer sequences have characteristic epigenetic signatures that differ significantly from promoters, showing high-level histone H3 and H4 acetylation, H3K4 monomethylation (H3K4me1), low-level histone H3K4 trimethylation (H3K4me3), as well as high-level binding of the histone acetyltransferases p300 and CBP. 34, 35 To assess whether H/M binding sites have this signature, we performed epigenetic profiling with the use of Abs specific for histone H3K4me1, H3K4me3, H3K27me3, H3ac, H4ac, CBP, and P300, followed by ChIP-chip with the use of Nimblegen custom tiling arrays. All H/M sequences and a selected set of the nearest 360 TSSs were tiled, along with 60 negative control sequences that were selected randomly from the mouse genome. ChIP-chip data were analyzed with MA2C 36 and a customized R package.
These studies showed that H3 and H4 acetylation and p300/ CBP binding is centered on the H/M peaks and is flanked by regions of histone H3K4me1 in a bimodal distribution characteristic of enhancer sequences ( Figure 3B) . 34, 35 H/M peaks are unlikely to be promoters, because they differ significantly from the signature of the promoters at adjacent genes. In particular, they lack the signature of nucleosomal eviction that is observed at the TSS ( Figure 3C ). Principal component analysis and heatmaps indicate that, although most H/M sites appear to be enhancer sequences, there is some heterogeneity. We noted minor subsets of H3K27 trimethylated regions, sequences with high-level H3K4me3 and H3 
org From
and H4 acetylation and a small subset of other H/M peaks that lack significant levels of histone acetylation, methylation, and p300/ CBP binding raising the possibility that some H/M sites do not function as enhancers ( Figure 3D ).
To test for potential enhancer (or repressor activity), 22 Hoxa9/ Meis1 binding sites as well as 2 control regions randomly selected in the genome where there is no Hoxa9/Meis1 binding were cloned as ϳ 1000-bp fragments. These were inserted into the multiple cloning site of the pTAL-Luc vector, electroporated into myeloblastic K562 cells and were analyzed by Dual Luciferase Reporter Assays (Promega; supplemental Figure 3) . These experiments showed that 8 of the 22 H/M binding regions had significant (Ͼ 150% of normalized activity for empty vector) enhancer activity, 4 had repressive activity (Յ 50% of empty vector activity), whereas the remainder as well as 2 control regions did not have significant effects on activity. Although all regions showed variable levels of p300 binding and histone acetylation, only sequences that scored positively for enhancer activity in Luciferase showed significantly increased levels of these marks when Hoxa9 is active (in presence of 4-OHT). These data tend to support a role for Hoxa9 in modulating activity of a subset of enhancers (supplemental Figure 3 ).
Hoxa9 regulates genes controlling proliferation, inflammation and differentiation
We examined the relation between H/M binding sites and expression of neighboring genes by generating a conditional form of Hoxa9 by fusing a modified ER in-frame to the C-terminus of Hoxa9. This construct was retrovirally packaged and transduced into 5-fluorouracil-primed BM to generate a myeloblastic cell line (a similar approach fusing ER to either the N-or C-terminal of Meis1 did not result in immortalization). These Hoxa9-ER-transformed cells grow in the presence of 4-OHT, but growth arrest and differentiate into macrophages when 4-OHT is withdrawn (supplemental Figure 4) . For gene expression profiling, RNA from cells harvested at 48, 72, 96, and 120 hours after 4-OHT withdrawal was analyzed in triplicate by Affymetrix microarray hybridization. No statistically significant gene expression changes (FDR P Ͻ .05) were observed until 72 hours after 4-OHT withdrawal. Overall, 6991 genes show significant changes in expression after 4-OHT withdrawal (composite significance criterion, FDR P Ͻ .05; median fold change Ͼ 1.5; supplemental Table 2 ). On the basis of their temporal expression patterns, these genes were clustered into 4 subgroups (supplemental Figure 4E) . The first group represents a large number of Hoxa9 up-regulated genes (n ϭ 4253) whose expression started decreasing, beginning 72 hours after 4-OHT withdrawal and remained decreased at 120 hours. Gene ontology analysis of this group showed extremely high association with RNA processing (6.63 ϫ 10 Ϫ68 ), DNA metabolic processes (1.73 ϫ 10 Ϫ51 ), and cell-cycle regulatory genes (1.79 ϫ 10 Ϫ44 ). The group includes Camk2d, Cdk6, Erg, Etv6, Flt3, Foxp1, Gfi1, Kit, Lck, Lmo2, Myb, and Sox4, which are strongly implicated in either murine or human leukemias (Figure 4) . 37, 38 Overall, of the 52 targets showing Ͼ 5-fold altered expression between Hoxa9-and Hoxa9ϩMeis1-immortalized MHPs published by Wang et al, 39 14% showed association with the H/M ChIP-Seq peaks identified here. The other main group represents Hoxa9 down-regulated genes (n ϭ 2502) whose expression levels increased over time (Figure 4 ; supplemental Figure 4E ). Gene ontology analysis shows their strong associations with immune response (Fisher exact P ϭ 1.82 ϫ10 Ϫ26 ), inflammatory response (1.82 ϫ 10 Ϫ22 ), and cell activation (5.57 ϫ 10 Ϫ14 ). Many of these genes are located near the H/M binding sites and are related to inflammation and myeloid differentiation, including Ifit1, Tlr4, Ccl3, Ccl4, Csf2rb, Ifngr1, Runx1, Cd28, and Cd33.
Two other clusters showed more complex expression dynamics. One group consists of 100 genes whose expression was increased at 72 and 96 hours but decreased by 120 hours. Many of these genes are involved in cholesterol biosynthesis (6.13 ϫ 10 Ϫ5 ) or sterol biosynthesis (1.38 ϫ 10 Ϫ4 ). Another cluster includes 136 genes with decreased expression at 72 and 120 hours that showed increased expression at 120 hours. These genes were associated with pattern specification (1.99 ϫ 10 Ϫ3 ) or regulation of nervous system development (2.34 ϫ 10 Ϫ3 ).
Hoxa9 is organized into enhanceosomes containing lineage-restricted TFs
Previous studies of homeobox proteins in both Drosophila and mammals suggest that Hox proteins function in concert with other TFs, which either function as "cofactors" that physically interact and bind cooperatively with the Hox proteins (examples for Hoxa9 being the 3-amino acid loop extension cofactors Pbx2/3 and Meis1) or as "collaborators" that modulate binding or transcriptional output via closely opposed binding sites. 21 We applied both de novo motif discovery and motif enrichment analysis on H/M sequences to search for potential binding loci for such Hoxa9/Meis1 cofactors or collaborators. Three independent runs of de novo motif discovery analysis were performed with Gadem to search for motifs of lengths between 6 and 20 nucleotides, 40 which showed that Hoxa9 and Meis1 binding motifs are the most significantly enriched, occurring in 53% and 34% of H/M sequences, respectively ( Figure  5A ; supplemental Table 3 ). The second-most frequently occurring motif, which was found in 51% of peaks, is for the ETS family of TFs. In addition, a total of 204 sequences (36%) contain the CCAAT-enhancer binding protein C/EBP motif, with more than one-half of them occurring in combination with the Hoxa9/Meis1/ Pbx1 motif. This was followed in frequency by motifs for RUNX, which was present in 14% of peaks and the STAT motif, present in 10% of peaks. Other enriched motifs include putative binding sites for a number of other TF deregulated in hematologic malignancies, including MAF and E2A. An additional 5 consensus novel motifs were identified that do not match known TFs (supplemental Figure 5) .
Similar results were obtained in motif enrichment analysis in which the H/M sequences were searched for known TF consensus motifs from Genomatix TF databases. The position weight matrices of 727 factors were analyzed with Genomatix Region Miner and showed high level of enrichment for the canonical Hoxa9 motif and the canonical Meis1 motif (93.1% and 67.5%, respectively). Compared with de novo motif discovery results, this higher enrichment level of Hoxa9 and Meis1 motifs is probably because of the increased sensitivity and detection power of motif enrichment analysis that leverages existing knowledge of TF binding characteristics. 41 Significant enrichment was also seen for other factors, including C/EBP, CREB, STAT, RUNX1, and ETS (especially PU.1) binding sites (supplemental Tables 4-5 ). The Hoxa9 and Meis1 motifs are strikingly concentrated at the center of the binding regions, whereas RUNX1, STAT, CREB, and C/EBP motifs are more broadly distributed across the locus of Hoxa9 and Meis1 binding ( Figure 5B ; supplemental Figure 5 ). The motif enrichment analysis also identified a number of other significantly enriched motifs for bZIP, MEIS, caudal MYB, and MYC TF family members (supplemental Tables 4,6 ).
We confirmed binding of a subset of these TFs by performing ChIP-chip experiments in myeloblastic cells. These experiments showed that the peaks associated with Hoxa9 and Meis1 are extensively bound by C/EBP␣, Pu.1, and Stat5a/b and overlap the sites of Hoxa9 binding ( Figure 5C ). In addition, these peaks show higher levels of CBP and p300 binding than peaks lacking C/EBP␣ and Pu.1 motifs. This coincidence of TF binding in Hoxa9 and Meis1 peaks is noteworthy, given recent studies showing that C/EBP␣, Pu.1, and Runx1 physically interact 42 and collectively define myeloid enhancer sequences in murine macrophages. 43 Remarkably, Ͼ 30% of the 825 H/M peaks identified here overlap Figure 3D ). To identify the sequence determinants for Hoxa9 association with enhancers, we compared the motif enrichment patterns in enhancers bound by H/M, C/EBP␣, and H/MϩC/EBP␣. As expected, myeloid enhancers bound by Hoxa9 were highly enriched for HOX consensus motifs compared with the statistically significantly lower presence of the same motifs in sequences bound by C/EBP␣ alone or along with MEIS-PBX heterodimers ( Figure 5E ). Of note, Hoxa9 bound enhancers were also enriched for STAT ( Figure 5E ), MYB, estrogen response elements, BRN5, PDX1, CDX, and peroxisome proliferator activated protein motifs (supplemental Figure 7B) . Collectively, these findings suggest that Hoxa9 is organized into specialized enhanceosomes composed of lineage-specific TFs. 21 Our experiments show that Hox consensus sequences are present in most Hoxa9-bound enhancers ( Figure 5 ) and are probably a major determinant of Hoxa9 targeting to these enhancers. However, this sequence is present at numerous sites in the genome, making it probable that interaction with Hox sequences beyond the homeodomain and interaction with cooperatively binding cofactors, such as the Meis and Pbx families further increases DNA binding affinity and specificity. 21 Our experiments suggest that a third tier of Hoxa9 specificity is achieved through combinatorial interactions with TFs such as C/ebp␣, Stat5, and Creb1, each expressed at variable levels in a specific cell type that collectively account for lineage-specific Hoxa9 recruitment 43 (Figure 6) . To identify such interactions, we performed immunoaffinity purification and MS of Hoxa9 and Meis1 complexes isolated from the epitope-tagged Hoxa9-and Meis1-transformed cells used for ChIP-Seq and ChIP-chip experiments. Immunoprecipitates were analyzed on polyacrylamide gels, which were then sliced and analyzed by MS. As a control, extracts were also prepared from Hoxa9 and Meis1 cells lacking epitope tags. After subtraction of proteins identified in the controls, proteins identified with high probability were then correlated with the list of motifs enriched in H/M binding sites.
IDENTIFICATION OF
Remarkably, in multiple experiments that isolated either HAtagged Hoxa9 or FLAG-tagged Meis1, we identified not only Hoxa9 as well as Pbx2 and Pbx3 and Meis1, but also C/EBP␣, Creb1, and Stat5, whose motifs are enriched in Hoxa9 and Meis1 binding sites. These interactions were further confirmed by immunoprecipitations with nuclease-treated nuclear extracts to rule out the possibility of DNA tethering ( Figure 7A ) and are in keeping with reports that Hox proteins of other paralog groups coimmunoprecipitate with ETS TFs, including PU.1, which interacts with 42 In most cases (except HOXA9 and STAT5), H/M peaks that are cobound by C/EBP␣ showed highest expression intensity (red line), followed by C/EBP␣ϩPU.1 (black line) and PU.1 (blue line). Similarly, the ChIP-chip signal at 60 randomly selected control regions is depicted by the gray line. (D) A large proportion of H/M peaks were found to overlap with enhancer sequences bound by C/EBP␣ (red), PU.1 (blue), or both C/EBP␣ϩPU.1 (black) in lipopolysaccharide-stimulated macrophages. 43 (E) Comparative motif enrichment analysis showed increased level enrichment of HOXA, PBX/MEIS1, and STAT motifs in the set of enhancers described by Heinz et al 43 that are bound by Hoxa9 (green) and Meis1 (blue), but not in those that are not associated with Hoxa9 and Meis1 (red).
C/EBP␣. 42, 44, 45 Together, this suggests that Hoxa9 associates with enhanceosomes through homeodomain-mediated interactions, interactions with DNA binding affinity cofactors such as Meis1, and interactions with TFs that include C/EBP␣, CREB1, and STAT5.
To further examine the role Hoxa9 plays at enhanceosomes, we performed ChIP to detect binding of other cofactors and collaborating TFs on the inducible Hoxa9-ER/Meis1-transformed cells in the presence and absence of 4-OHT. These studies show that Hoxa9 dissociates from enhanceosomes on 4-OHT withdrawal ( Figure  7B ). Dissociation of Hoxa9 is accompanied by a concordant fall in association of Meis1 and a global reduction in binding of Pu.1, C/ebp␣, and Stat5a/b ( Figure 7B ; supplemental Figure 8 ). This in turn is associated with a dramatic decrease of P300 and CBP, as well as of histone H3 and H4 acetylation at most binding sites ( Figure 7B ; supplemental Figure 8 ). Together, these results suggest that Hoxa9 interaction with enhanceosomes is dynamic and is associated with increased acetylation and coactivator recruitment.
Discussion
Despite their central role in development, hematopoiesis, and leukemia, the mechanisms through which HOX proteins regulate transcription remain poorly understood. Our gene expression profiling data suggest that Hoxa9 can have either positive or negative effects on target gene expression, depending on the cell type and chromatin context. Consistent with its role as a protooncogene, Hoxa9 generally up-regulates proliferative genes, while suppressing expression of myeloid differentiation and inflammatory genes. Many Hoxa9 up-regulated direct targets have been 39, [46] [47] [48] and are highly characteristic of MLL-rearranged leukemias with high-level HOX expression. 5, 8, 49, 50 Some of the genes identified here, including Lmo2, Erg, Sox4, and Cd34, have also been reported to be regulated by Hoxb4, which, like Hoxa9, promotes HSC expansion. 51 In contrast to previous studies, 49, 51, 52 our data indicate that most Hoxa9 and Meis1 binding sites are not located at promoters of target genes. We speculate that the promoter binding previously reported could be the result of transient looping interactions with promoters (see below) or possibly the result of intronic Hoxa9 and Meis1 binding sites adjacent to the TSS being detected in ChIP assays.
Our data suggest that Hoxa9 mediates its transcriptional effects by interacting with enhanceosomes, which in myeloid leukemia cells are composed of combinatorial arrangements of Hox cofactors (Meis1) and collaborators including C/ebp␣, Pu.1, Myb, and Stat5 among others ( Figure 7C) . Several of the Hoxa9-bound sequences identified here overlap with well-characterized tissuespecific enhancers, including the Lmo2 upstream regulatory region, 53 the Ϫ35-kb enhancer for Gfi1, which is located in the neighboring Evi5 locus, 54 and the intronic Erg stem cell enhancer. 48 In addition, many of the sequences identified here overlap with previously identified lipopolysaccharide-responsive myeloidspecific enhancers. 43 Our MS and coimmunoprecipitation experiments show that Hoxa9/Meis1 complexes physically interact with several TFs that are associated with enhanceosomes bound by Hoxa9, including Stat5, C/ebp␣, and Creb1 ( Figure 7A ). This suggests Hox proteins achieve their specificity through a combination of direct homeodomain interactions, interactions with Hox cofactors such as Meis1, and a third tier of interactions with other TFs such as Stat5, C/ebp␣, and Creb1. This also raises the possibility that Hoxa9 and Meis1 target genes depend on the cell type in both the normal and leukemic state. Hoxa9 promotes stem cell expansion as well B and T-cell development, and Hoxa9 overexpression is associated with mixed lineage, pro-B cell, and T lymphoblastic leukemias. 1 Heinz et al found that enhancers marked by H3K4me1 and bound by Pu.1 in B cells are associated with a different set of TFs than in myeloid cells, including RUNX1, E2A, OCT, and NF. 43 Given these findings, it will be important to assess whether the different lineages seen in MLL-rearranged leukemias result from differential association of Hoxa9/Meis1 with enhancers that depends on the TF milieu in the progenitor in which the translocation occurs.
Several Hox proteins (Hoxb1, Hoxb7) have been shown to recruit CBP/P300. 55, 56 In addition, recruitment of CREB1/CBP by the Meis1 C-terminal region appears to be crucial for Hox protein transcriptional activity as well as for transformation. 57 In our experiments, inactivation of Hoxa9-ER by 4-OHT withdrawal resulted in dissociation of Meis1, Pu.1 C/ebp␣, and Stat5 from a number of loci, including Flt3, Dnajc10, Cd34, and Igfr2r. This was accompanied by a sharp drop in P300 and CBP association along with decreased H3 and H4 acetylation ( Figure 7B ; supplemental Figures 8-9 ). This decrease in P300/CBP association could be because of the dissociation of Meis1 from the enhanceosome or to the dissociation of other TFs associated with P300/CBP, including Creb1, C/ebp␣, or Stat5. ChIP for RNA Pol II shows increased association of Pol II with distal enhanceosome, for example, at the Foxp1 locus when Hoxa9 is active (supplemental Figure 9) . This raises the possibility that H/M sites make looping interactions with adjacent promoters in a manner that is mediated either directly or indirectly by Hoxa9. Together, this suggests that high levels of Hoxa9 and Meis1 result in increased P300/CBP recruitment at enhanceosomes and ultimately up-regulation of leukemogenic target genes.
It is remarkable that, of the Ͼ 350 TFs expressed in myeloid cells, 43 only a small number are enriched in enhanceosomes bound by Hoxa9 and, of these, most are strongly implicated in human leukemias. Among the proliferative TFs whose motifs are enriched at these sites, HOXA9 is commonly overexpressed in AML. 1, 58 Overexpression and phosphorylation of STAT5b is common in human AML cases with high-level HOXA9 expression. 59 STAT5 appears to be the preferred second messenger of FLT3 in AML, which is very commonly mutated in cases with high-level HOXA9 expression. 60 Furthermore, Stat5b knockout markedly decreases leukemia-initiating cells frequency in Hoxa9/MN1-induced leukemias, highlighting the importance of the functional synergy of Hoxa9 and STAT5 in leukemogenesis. 59 The data provided here should greatly expedite studies on how Hoxa9 modulates target gene expression during normal hematopoiesis and how this mechanism is disrupted by mutation or abnormal expression of enhanceosome components such as C/EBP␣ and STAT5 in acute leukemia.
